Introduction
Fillers are incorporated into rubber compounds to improve physical and mechanical properties.
Good dispersion of filler in the rubber matrix is crucial for improving the physical properties of resulting composites [1] [2] [3] . Materials such as nano silica, calcium carbonate, talc, aluminum oxide, zinc oxide, titanium dioxide and zirconium oxide are used as fillers or co-fillers in rubber compounding [4, 5] and carbon black and silica are also currently used as reinforcing fillers in rubber compounding [3, 6] . Natural fibers, such as cellulose fibers, are also of interest as fillers in rubber compounds [7] .
Cellulose fibers are renewable natural polymeric fibers which have very low cost [8] .
Commercial cellulose fibers are mainly derived from cotton and wood and make up to 40-45% of wood [9] . Short cellulose fibers have been studied as reinforcing fillers in rubber composites.
Cellulose fiber-reinforced rubber composites are mainly used for making ropes, hoses, belts, mats and insulations, and also have potential to be used in tyres [10] . However, the characteristics of cellulose fiber-reinforced/rubber composites are undermined due to poor mechanical properties attributed to weak interfacial bonding between cellulose fibers and rubber [11] . Due to their hydrophilic nature, cellulose fibers have poor compatibility with hydrophobic polymers. Thus surface treatment of cellulose fibers is necessary to develop improved bonding interactions with the matrix [9] , e.g. styrene butadiene rubber.
Styrene butadiene rubber (SBR) is a copolymer which has good mechanical properties, abrasion resistance, weather and ozone resistance [6] . It is extensively used for fabrication of tyres, tubes, conveyor belts, ropes and vessel linings. Various types of fibers have been incorporated in SBR to produce composites. However, there are few reports on cellulose fiber reinforced/SBR composites. Kumar et al. [12] studied the effect of surface treatment of cellulose fibers on the melt behaviour of cellulose fibers/SBR composites. They found that benzoylation of alkali treated cellulose fibers, which resulted in esterification of hydroxyl groups on the fibers, increased the melt viscosity of cellulose/SBR melt. Ismail et al. [13] developed a natural rubber composite by incorporating silane-coated bamboo fibers. The authors reported that the silane coupling agent improved the adhesion between the filler and rubber resulting in enhanced mechanical properties of the resulting composites. Bai et al. [14] partially replaced the silica nanoparticles which are commonly employed in rubber products with cellulose fibers. They found that such partial substitution of cellulose fibers in the rubber compound facilitated processing. Recently, Cao et al. [15] published their findings on the effect of reinforcement by cellulose nanocrystals (CNs) in nitrile butadiene rubber (NBR). The cellulose nanocrystals increased the tensile strength of the resulting composites from 7.7 to 15.8 MPa as the CN content increased from 0 to 20 parts per hundred rubber (phr), attributed to the formation of a strong filler-filler network in the NBR matrix. Furthermore, they reported that CNs enhanced the thermal stability of NBR composites.
Several surface treatments of natural fibers have been carried out and their effect on the properties of resulting composites were reported. Geethamma et al. [16] reported treatment of coir (lignocellulosic fiber) with sodium hydroxide which enhanced the bonding of coir fibers with a natural rubber matrix. Alkali treatment increases the surface roughness of cellulose fibers by removing hemicellulose, wax and lignin that are present on the surface of the fibers resulting in better mechanical interlocking of the matrix with the fibers and an increase in the number of reactive sites on the surface of fibers [17] . Kumar et al. [18] reported that the treatment of short sisal fibers with dry bonding agents consisting of resorcinol and hexamethylene tetramine resulted in shorter curing time and enhanced mechanical properties of sisal fiber/SBR composites. Coupling agents contains functional groups which can improve interfacial adhesion between fiber and matrix and some researchers have studied various coupling agents such as dimethyl urea, alkyl functional silanes and polyphenylisocyanate to improve the properties of cellulose fiber-based composites [19] . Treatment of cellulose fibers with polymethylene polyphenyl isocyanate increased strength and stiffness of cellulose/polypropylene composites due to formation of chemical bonds between the isocyanate and the hydroxyl group on the fiber surface [19] . Valadez et al. [17] reported that henequén fiber when functionalised with silane after treatment with alkali gave much a stronger interface with a thermoplastic matrix.
Maleated high oleic sunflower oil (MSOHO) is used as a sizing agent in paper making [20] .
However, MSOHO can also provide hydrophobicity to cellulose fibers by attaching its non-polar hydrocarbon chain (Fig. 1) on the surface of the fibers through its anhydride groups which can rapidly react with the hydroxyl groups of the glucose component in cellulose to form a covalent ester bond at the interface [21] . The resulting hydrophobic surface of the cellulose fibers can make them more compatible with hydrophobic polymers. The presence of the double bond in the MSOHO chains (Fig. 1 ) also offers the potential to link with SBR molecules via sulphur crosslinks. Fig. 1 Molecular structure of MSOHO [21, 23] .
In the present research, the surface of cellulose fibers was modified by treating them with MSOHO which served as a coupling agent between cellulose fiber and SBR. The MSOHOtreated cellulose fibers were compounded in an SBR matrix using a two roll mill. This work reports the effects of using MSOHO-treated cellulose fibers on the curing behaviour and mechanical properties of resulting SBR composites. Furthermore, the effect of addition of a small amount of vapour grown carbon nanofibers (VGCNFs) on the properties of cellulose fiber/SBR composites is also reported. 
Experimental

Materials
Preparation of cellulose fiber/SBR composites
Cellulose fiber/SBR composites were produced with unmodified cellulose fibers and MSOHOtreated fibers incorporated in SBR at various concentrations from 5-15 phr and, in some of the unmodified cases, 1 phr VGCNF was also included. SBR and activators were added into a two roll mill (150 mm roll width and 300 mm roll length) having a nip gap of 1.25 mm and were compounded for 15 min. Then the fibers were added into the two roll mill and mixed for 30 min to obtain a uniform dispersion. After this, the curing agents (CBS and sulphur) were added and mixed for 15 min to obtain the final batch. Samples were then made into sheets by compression moulding at ca. 160 °C which was chosen based upon their curing curves. The percentage weight gain of the samples after 30 days was measured and reported as % water absorption.
Results and discussion
Curing The cure densities of all types of SBR compounds as a function of fiber loading are presented in Fig. 4 . In the case of unmodified cellulose fiber/SBR composites, the cure density remained almost the same as that of neat SBR. However, their cure density decreased significantly upon incorporation of VGCNFs. The VGCNF fibers might have deactivated some fraction of the curing agents by adsorbing the agents onto their surface due to their high surface area, resulting in low cross-linking density in the resulting composites [15] . The MSOHO-modified cellulose fibers also reduced the cure density of the composites although they still have higher cure densities than those of the corresponding VGCNF-based unmodified cellulose fiber/SBR composites. The MSOHO-coated fibers may have hindered the curing process either by adsorbing the activators or by hindering the movement of SBR molecules [15] . 
Mechanical Properties
The tensile strengths, tensile moduli, % elongations to failure and Shore hardnesses of cellulose fiber/SBR composites are presented in Fig. 7 . It can be seen from Fig. 7 that the tensile strength of SBR composites generally increases with increase of fiber loading. The MSOHO-treated cellulose fiber/SBR composites have higher tensile strengths than the corresponding unmodified cellulose fiber/SBR composites. This result clearly suggests that MSOHO treatment of cellulose fibers increased the dispersion and interfacial interaction between the filler and matrix, resulting in increased tensile strength of these composites. Interestingly, the % elongation of MSOHO fiber-based composites also increased with fiber loading whereas it decreased for unmodified fiber-based composites. Generally, when tensile strength of composites increases their elongation usually decreases [26] but increasing elongation with increasing strength has also been observed in other composites [27, 28] . The increased elongation can be explained by two mechanisms.
Firstly, MSOHO treatment improved the dispersion of cellulose fibers in the SBR matrix.
Secondly, MSOHO treatment made the fibers more hydrophobic which improved their compatibility with the SBR matrix. It might be possible that MSOHO-treated fibers have developed some cross links with SBR molecules via anhydride bonds as suggested in the introduction section. The attachment of well-dispersed MSOHO-treated fibers to SBR might therefore have increased the molecular mobility of SBR by acting as a plasticiser between SBR molecules, thereby resulting in the remarkable increase in elongation of the resulting composites.
In contrast to the tensile strengths of SBR composites based on MSOHO-treated fibers and unmodified fibers, the moduli of these composites decreased with increasing fiber loading (Fig.   7 ). The cellulose fibers may have reduced the stiffness of SBR slightly by acting as a spacer between the SBR molecules and thereby reducing the Van der Waal's forces between the SBR molecules. The combination of increased strength and high elongation for the MSOHO-treated cellulose fiber/SBR composites results in a very tough rubbery material.
Previously, Gauthier et al. [29] had reported that addition of VGCNF up to 7 wt.% loading decreased the tensile strength of SBR, which was attributed to poor dispersion of VGCNF in SBR. Interestingly, in this work the addition of VGCNF at only 1 phr in the unmodified cellulose fiber composites has remarkably increased the tensile strength of the composites as shown in Fig.   7 . The tensile strength of the composite consisting of 1 phr VGCNF and 15 phr unmodified cellulose fibers (total fiber loading, 16 phr) is 86 % greater than that of neat SBR. Cao et al. [15] also reported 105 % increase in tensile strength upon addition of cellulose nanocrystals at 20
wt.% loading in NBR. In the present work, it can be seen that incorporation of only small amounts of VGCNF along with natural fibers can produce significant improvements on the mechanical properties of unmodified cellulose fiber/SBR composites. The enhancement in mechanical properties obtained by combination of VGCNF and unmodified cellulose fibers is even greater that that obtained by MSOHO modification of cellulose fibers. Other researchers have reported that combination of nanofillers along with micron sized fillers produce synergistic enhancements to the properties of composites [30, 31] . VGCNF are much stronger fibers than cellulose fibers and also have very high aspect ratio compared to cellulose fiber [2] . Due to their high aspect ratio VGCNF might have developed good inter-filler contacts, resulting in increase in the tensile strength of the composites. Unlike tensile strength, the tensile modulus of the VGCNF-based composites at 5 phr fiber loading reaches 3 MPa and then decreases, like that of other composites (Fig. 7) . The increasing amount of cellulose fibres thus acted as a spacer between the SBR molecules and reduced the stiffness of SBR. Overall, the incorporation of the MSOHO treated cellulose fiber and VGCNF/unmodified cellulose fiber composites reduces the stiffness of SBR for the composites studied which is in accordance with decrease in cure density of composites (Fig. 4) [32] .
The Shore hardnesses of the cellulose fiber/SBR composites as a function of filler loading are also presented in Fig. 7 . The hardness of these composites increases almost linearly as a function of fiber loading. The maximum hardness was obtained for 1 phr VGCNF/unmodified cellulose/SBR composites and the lowest for MSOHO-treated cellulose fibers/SBR composites.
The lower hardness of MSOHO-treated cellulose fibers/SBR composites could be attributed to better interaction of the fibers with SBR matrix as suggested in introduction section. 
